Continuous recording of mean cerebral blood flow velocity (MCBFV) by Doppler ultrasound allows detection of low-frequency (LF) oscillations, which reflect sympathetic activity in the cerebral circulation. To establish whether the sympathetic drive to the cerebral circulation is altered in patients with compensated cirrhosis, and, if so, where alterations take place, LF oscillations of MCBFV, heart rate (RR interval) and systolic arterial pressure (SAP) were analysed in 10 patients with cirrhosis and 10 control subjects during supine rest and on stimulation of carotid baroreceptors using a neck chamber applying sinusoidal suction. Bivariate analysis was used to study the relationship between pairs of oscillations. In the case of a significant association, the delay in the appearance of the oscillation in MCBFV, SAP and RR was calculated. Baroreceptor stimulation induced significant increases in SAP LF and RR LF power in both groups, while MCBFV LF power increased only in controls. During baroreceptor stimulation, the lag phase between SAP LF and MCBFV LF power was significantly lower in cirrhotic patients than in control subjects (0.96 compared with 1.59 rad ; P 0.01), indicating altered sympathetic regulation of the cerebral circulation. The baroreflex arc was intact, as indicated by the similar pattern of RR-SAP interval in patients and controls. Plasma noradrenaline levels increased significantly in both groups in response to head-up tilt. These results indicate that patients with cirrhosis have an altered sympathetic regulation of the cerebral circulation that is characterized by an inadequate response of resistance microvessels, despite adequate baroreceptor function.
A B S T R A C T
Continuous recording of mean cerebral blood flow velocity (MCBFV) by Doppler ultrasound allows detection of low-frequency (LF) oscillations, which reflect sympathetic activity in the cerebral circulation. To establish whether the sympathetic drive to the cerebral circulation is altered in patients with compensated cirrhosis, and, if so, where alterations take place, LF oscillations of MCBFV, heart rate (RR interval) and systolic arterial pressure (SAP) were analysed in 10 patients with cirrhosis and 10 control subjects during supine rest and on stimulation of carotid baroreceptors using a neck chamber applying sinusoidal suction. Bivariate analysis was used to study the relationship between pairs of oscillations. In the case of a significant association, the delay in the appearance of the oscillation in MCBFV, SAP and RR was calculated. Baroreceptor stimulation induced significant increases in SAP LF and RR LF power in both groups, while MCBFV LF power increased only in controls. During baroreceptor stimulation, the lag phase between SAP LF and MCBFV LF power was significantly lower in cirrhotic patients than in control subjects (0.96 compared with 1.59 rad ; P 0.01), indicating altered sympathetic regulation of the cerebral circulation. The baroreflex arc was intact, as indicated by the similar pattern of RR-SAP interval in patients and controls. Plasma noradrenaline levels increased significantly in both groups in response to head-up tilt. These results indicate that patients with cirrhosis have an altered sympathetic regulation of the cerebral circulation that is characterized by an inadequate response of resistance microvessels, despite adequate baroreceptor function.
methodology, we have shown that the autonomic response to passive tilting is impaired in patients suffering from cirrhosis with ascites [11] .
Continuous recording of mean cerebral blood flow velocity (MCBFV) by Doppler ultrasound allows detection of low-frequency (LF) oscillations (6 cycles\min ; 0.10 Hz) that reflect the sympathetic activity to the cerebral circulation, since they are strongly related to the LF oscillations of heart rate and blood pressure [18] . We have characterized these oscillations, together with those of RR interval and systolic arterial pressure (SAP), in patients with compensated cirrhosis and in healthy subjects, both during supine rest and on sympathetic activation induced by stimulation of carotid baroreceptors at 0.10 Hz with a neck chamber applying sinusoidal suction [19] . The aims of the study were to establish whether the autonomic modulation of cerebral circulation is altered in cirrhosis and, if so, to assess the level at which autonomic control is impaired.
METHODS

Subjects
We studied 10 in-patients (six men ; mean age 48p 11 years, range 33-61 years) with biopsy-proven cirrhosis (hepatitis C virus-related in six patients, hepatitis B virus-related in two and cryptogenic in two) and portal hypertension, and 10 healthy subjects of comparable age and sex (six men ; mean age 48p9 years, range 36-60 years). Of the patients, eight were in Child class A and two were in class B [20] . All patients had small oesophageal varices, and no evidence of ascites, hepatocellular carcinoma or other malignancies, organic renal or cardiovascular diseases, or diabetes. No patient had ever had ascites, gastrointestinal bleeding or encephalopathy. Patients and controls were alcohol-abstainers and nonsmokers, and nor were they on any drugs.
Preliminary continuous-wave Doppler investigations and transcranial Doppler (Multidop S ; DWL, Sipplingen, Germany) ruled out stenosis of extracranial and intracranial arteries, inadequate ultrasonic windows, active intracranial collateral pathways or interhemispheric asymmetry [21] . Vasomotor reactivity, assessed by calculating the percentage change in time-averaged MCBFV in the middle cerebral artery of the dominant hemisphere at the end of compared with before breath-holding [22, 23] , was normal in all subjects.
The study conformed with the Declaration of Helsinki (1989) of the World Medical Association, and was approved by the local Ethics Committee. Each subject entering the study gave his\her informed consent.
Study protocol
All subjects received a normocaloric diet [8368 kJ (2000 kcal) and 100 mmol of Na per day] in the 2 weeks before and during the whole study period. Caffeine was not allowed in the 3 days before and throughout the study.
On the first day of the study, blood samples (after overnight fasting and a 1 h bed rest) and a 24 h urine collection were obtained to measure plasma concentrations of renin, aldosterone and atrial natriuretic peptide (ANP), and to evaluate hepatic and renal function. On the same day, systemic haemodynamics were evaluated by echocardiography.
On the second day, at 9.00 hours, after an overnight fast, the subjects were referred to the study room, where they lay down on a tilt table (Electro-Werk 1,73-0006 ; Hanning, Germany). An antecubital vein was cannulated for blood sampling, and subjects were instrumented for recordings of ECG (lead II), beat-to-beat arterial pressure in the third finger of the left hand (Finapres ; Ohmeda, Englewood Cliffs, CO, U.S.A.), MCBFV in the middle right cerebral artery (transcranial Doppler), respiratory activity and partial pressure of CO # (Capnogard ; Novametrix, Wellingwood, CA, U.S.A.). Respiratory activity was obtained by using a silastic belt positioned over the lower part of the chest to obtain a visible signal, and adjusted according to the scale of a plethysmograph. The equipment was calibrated electronically before each test. Subjects were instructed to breathe in the range 0.20-0.26 Hz by active control (i.e. voice of the examiner) at 0.25 Hz. After 10 min of training, baseline recordings were performed for 3 min, and blood was withdrawn to measure plasma noradrenaline (norepinephrine). Thereafter, while subjects continued with controlled breathing, neck sinusoidal suction was applied with a neck chamber, that is a lead collar connected to a vacuum cleaner whose power is modulated by a specially constructed engine providing impulses at a frequency of 0.10 Hz [19] . Recordings were obtained for 3 min. Finally, subjects were tilted at 60m for 10 min and blood was obtained for noradrenaline measurement.
Systemic haemodynamics
Echocardiography [24] was performed after a 1 h rest, to obtain the cardiac index (CI). The systemic vascular resistance index (SVRI) was calculated as mean arterial pressurei80\CI. A hyperdynamic circulation was considered to be present when the CI was 3.9 litres :min −" : m −# [24] .
Autonomic nervous system activity
Signals were sampled at 250 Hz\channel with a multifunction input\output board (AT MIO-16F5 ; National Instruments, Austin, TX, U.S.A.) and stored in a personal computer. Autonomic activity was evaluated by PSA of RR interval, SAP, MCBFV and respiratory activity. SAP was chosen because SAP LF power was found to reflect the sympathetic drive to the peripheral circulation better than the LF power of either mean arterial pressure or diastolic pressure [25] . A real-time program detected the R-wave of the ECG and measured the RR interval, SAP, MCBFV and respiratory activity for each cardiac beat. Artefacts were identified and removed by linear interpolation between the two normal beats preceding and the two normal beats following the artefact.
Univariate analysis
Univariate analysis was performed using an autoregressive model [26] , whose order was fixed at 12. Oscillations detected by PSA were evaluated as total power. The DC component was subtracted, and total power was subdivided into LF (approx. 0.1 Hz) and high-frequency (HF ; approx. 0.25 Hz) components, the latter being related to respiratory activity, and expressed as absolute values and in normalized units. Normalized units were obtained by dividing the power of each component by the total power [13, 14, 26] , to allow calculation of the LF\HF ratio, an index of the sympatho-vagal balance [13, 26, 27] .
Bivariate spectral analysis
When two signals oscillate at the same frequency and oscillations undergo similar changes under different experimental conditions, a common control mechanism is suggested. Nevertheless, the oscillations might have the same frequency without any link between them. To verify the presence of a stable relationship between oscillations of pairs of signals, we performed coherence analysis between the various signals obtained at baseline and during baroreceptor stimulation. The magnitude squared coherence (MSC) function determines if two signals oscillating at the same frequency maintain a stable phase relationship. This function spans from 0 (i.e. no association) to 1 (maximum association). If coherence is significant ( 0.5), the two signals are considered to be synchronized, allowing the phase delay to be calculated. A negative phase indicates that changes in the second signal occur before those of the first signal, and vice versa for a positive phase. Either value, expressed in rad, is the temporal delay. MSC and phase functions between RR interval, SAP, MCBFV and respiratory signal were evaluated as described previously [18, 28] . A spectral algorithm of decomposition allowed us to consider only the power of the couple of signals (RR interval, SAP, MCBFV, respiratory activity) in the selected bands where peaks had a good relationship. To separate signal from noise, only components that represented 5 % of total power were considered for analysis. A significant MSC and a maximum misalignment of 0.02 Hz of the peaks at the central frequency were required to accept a relationship between the signals.
Endocrine measurements
Plasma concentrations of renin (Nichols Institute Diagnostics B.V., San Juan Capistrano, CA, U.S.A.), aldosterone (ALDO kit ; RADIM, Rome, Italy), noradrenaline (CAT-A-KIT ; Amersham) and ANP (ANP ria kit ; Peninsula Laboratories, St. Helens, Merseyside, U.K.) were measured using the indicated commercial kits, as described previously [29] .
Statistical analysis
Data are reported as meanspS.D. Changes within and between groups were evaluated with Student's t test for paired and unpaired data respectively. Two-way repeated-measures multivariate ANOVA (MANOVA) was used to assess the effects of a respiratory rhythm of 0.25 Hz without and with baroreceptor stimulation at 0.10 Hz in patients and controls. Spearman's rank correlation test was used to assess correlation. The significance threshold was placed at P 0.05.
RESULTS
Baseline data are shown in Table 1 . Patients with cirrhosis had impaired liver function, a higher CI and a lower SVRI than healthy subjects. However, mean arterial pressure, renal function, and plasma concentrations of renin, aldosterone and ANP were normal. Eight patients had a hyperdynamic circulation.
Univariate spectral analysis
All subjects coped with the 0.25 Hz respiratory rhythm.
Heart rate variability
Cirrhotic patients had higher baseline HF power than healthy subjects, with no differences in LF power (Table 2) . Therefore the LF\HF ratio was greater in control subjects. Baroreceptor stimulation induced sympathetic activation in both groups, with increments in LF power and the LF\HF ratio, while HF power decreased. However, the response was significantly more marked in healthy subjects.
SAP
Patients with cirrhosis had lower SAP at baseline, but not during baroreceptor stimulation (Table 3 ). Patients and controls had similar baseline SAP-LF and SAP-HF. During baroreceptor stimulation, the increase in SAP-LF was significantly greater in healthy subjects than in patients.
MCBFV
At baseline, absolute values of MCBFV were lower in patients with cirrhosis than in controls (Table 4) . On application of neck-chamber suction, MCBFV decreased Sympathetic control of cerebral circulation in cirrhosis in patients, while it was unchanged in healthy subjects. However, the difference between groups was not significant. Cirrhotic patients and healthy subjects had similar baseline values of MCBFV-LF. During baroreceptor stimulation, sympathetic activation occurred in healthy subjects, as indicated by a marked increment in MCBFV-LF, while this was not observed in any patient (MANOVA : P 0.0001).
Bivariate spectral analysis
Both patients and controls had significant coherence among all pairs of signals in the HF and LF band. During breathing at 0.25 Hz, no difference between patients and controls was observed in the phase shift of LF oscillations of MCBFV compared with RR (Table 5 ). On application of neck-chamber suction, significant differences were observed in the phase shifts of the LF oscillations of RR-MCBFV and SAP-MCBFV pairs of signals, with the phase lag of SAP with respect to MCBFV being significantly greater in healthy subjects than in patients with cirrhosis ( Figure 1 ).
Plasma noradrenaline
Baseline noradrenaline was higher in patients with cirrhosis than in healthy subjects ( Figure 2 ). Tilt induced an increment in plasma noradrenaline in both groups, with no difference between them by MANOVA.
Correlations
Baseline noradrenaline was significantly correlated with CI (Spearman's ρ l 0.842, P l 0.002), SVRI ( ρ l k0.770, P l 0.009), and both RR-interval LF\HF MANOVA : F l 0.211 (not significant) ; a, P 0.0001 compared with supine rest ; b, P l 0.02 compared with healthy subjects ; c, P l 0.013 compared with healthy subjects.
ratio ( ρ lk0.657, P l 0.039) and MCBFV-LF ( ρ l 0.708, P l 0.022) during neck suction at 0.10 Hz.
DISCUSSION
Cerebral blood flow is usually normal or even reduced in patients with cirrhosis of the liver [30] [31] [32] . The latter phenomenon has been related to decreased cerebral metabolism or to other, ill-defined mechanisms. The finding of normal-to-reduced cerebral blood flow in the setting of high cardiac output and blood volume and reduced peripheral resistance indicates that the cerebral circulation does not contribute to the hyperdynamic circulation. Previously we demonstrated inadequate cerebral autoregulation in response to stepwise hypotensive stimuli in cirrhotic patients with ascites and markedly altered systemic haemodynamics and liver function [33] . The current investigation is the first to evaluate the autonomic modulation of the cerebral circulation in patients with compensated cirrhosis and healthy subjects by applying the same techniques described for the assessment of heart rate variability to the signals of cerebral circulation (MCBFV), and demonstrated an impaired autonomic drive in cirrhotic patients. In addition, we evaluated where this impairment takes place by analysing the relationship between signals from the cerebral circulation, SAP and heart rate. The model of frequency domain analysis and the cross-correlation between pairs of signals used in this research has been described in detail elsewhere [18, 34, 35] . Spectral analysis techniques proved reliable to detect alterations in the autonomic control of heart rate and blood pressure. To establish whether pairs of signals were changing together and in some time-locked fashion, we computed the regression and correlation coefficients by spectral analysis, as a function of frequency : this gives the cross-spectrum expressed as coherence and phase [36, 37] . Furthermore, calculation of the phase shifts in each pair of monitored signals allows us to establish the manner of transmission of the oscillations from one cardiovascular or cerebrovascular site to the others, and also to determine the site of origin of the fluctuation (i.e. the first signal in which the oscillation is recorded).
Presence of autonomic derangement
Patients with cirrhosis and control subjects were comparable, because they had a similar pattern of cardiovascular variability at 0.25 Hz. Differences were observed during stimulation with a neck chamber at the frequency of discharge of the sympathetic system [19, 38] . Indeed, cirrhotic patients failed to activate the sympathetic efferent drive. In RR-interval analysis, cirrhotic patients had significantly lower increments in LF power and the LF\HF ratio than control subjects [39, 40] . The same pattern of impaired sympathetic activation has been observed previously in patients with ascites, in response to head-up tilt [11] . Data on RR interval therefore confirm the impaired autonomic regulation reported in previous investigations [5] [6] [7] [8] [9] [10] [11] with more confidence, since neck chamber suction made sure of reduced interference. The behaviour of signals from the systemic and cerebral circulations during baroreceptor stimulation expresses the same sympathetic failure, as indicated by the significantly lower increase in SAP-LF and the lack of change in MCBFV-LF observed in cirrhotic patients.
Site of derangement
The oscillations of the different cardiovascular signals (RR interval, SAP and MCBFV) detected by PSA showed characteristic peaks at frequencies around 0.25 Hz and 0.10 Hz, coupled with respiration and carotid baroreceptor stimulation respectively. The latter produces the socalled Mayer waves, i.e. oscillations in LF expressing sympathetic activity on the cardiovascular system. The rhythm at 0.25 Hz does not give any information on the relationship among peripheral signals (MCBFV and SAP), because they are driven by respiration. This is evident in Figure 1 , which shows the phase shift in patients and controls with or without neck-chamber suction. There was no difference between patients and control subjects in breath-driven RR-MCBFV interval (k1.24 and k1.02 respectively), while the two groups differed significantly in SAP-MCBFV and RR-SAP, the latter delay being compatible with a vagally mediated change in afferent baroreceptor activity [36, 41] . Sinusoidal stimulation of baroreceptors by rhythmic neckchamber suction at 0.10 Hz bypasses the criticism in recent reviews with regard to the significance of RRinterval spectral power around 0.10 Hz [42] [43] [44] , because it provides an artificial stimulus capable of obtaining a specific and controlled sympathetic efferent action. The result was that, in healthy subjects, all signals that were coherent and had a phase relationship with respiratory activity at 0.25 Hz changed the phase shift in response to the new stimulation : RR-MCBFV and MCBFV-SAP increased (from k1.02 to k2.66 and from k0.02 to k1.60 respectively), while RR-SAP did not change significantly (from k1.04 to k1.07). Signals in cirrhotic patients had quite different behaviour : changes in MCBFV-SAP were not significant, while SAP-RR and MCBFV-RR increased significantly (from k0.24 to k1.19 and from k1.24 to k2.12 respectively). This pattern of phase shift confirms that patients with cirrhosis have a defective sympathetic drive to the resistance microvessels, which, in this case, are represented by cerebral arterioles. Similar findings have been demonstrated in patients with diabetic neuropathy [18] , and are consistent with the well known concept of resistance arterioles representing the operating level of vasomotor efferent fibres [45] . The absence of different patterns of RR-SAP interval in patients and controls during stimulation at 0.10 Hz indicates that the central baroreflex arc is intact in the range of the sympathetic drive.
When examining the phase relationship at 0.10 Hz, the increment in SAP precedes the prolongation in heart period by approx. 60m (1.04 rad), i.e. by 1.7 s [36] . Such a time delay is still compatible with a baroreflex action : data for RR-SAP interval in controls and cirrhotic patients (k1.07 and k1.19 respectively) are in accordance with those in the literature [46] . This means that baroreflex action through the sympathetic nervous system is similar in patients with cirrhosis and control subjects. The baroreflex may also be expressed as a relationship between a peripheral signal and the heart period, i.e. a MCBFV-RR phase shift. It is this index that is altered in cirrhotic patients.
As phase analysis clearly shows, data obtained during baroreceptor stimulation at 0.10 Hz indicate that sympathetic-related oscillations begin in the cerebral vessels, then they affect conductance vessels, expressed as SAP, and finally the heart, expressed in terms of RR interval. This cascade of events has already been observed in previous studies for couples of similar signals [18, 34] . It is noteworthy that patients with cirrhosis had the same sequence of signals (MCBFV, SAP and RR), but significant decreases in MCBFV-RR (k2.12 compared with k2.66) and in MCBFV-SAP (k0.99 compared with k1.60), pointing at altered sympathetic regulation of the peripheral circulation, probably affecting resistance arterioles. Interestingly, plasma noradrenaline, which reflects the spill-over of noradrenaline from sympathetic nervous endings [47, 48] , showed similar increments in response to head-up tilt in both patients and controls, suggesting that a blunted end-organ responsiveness is the main determinant of the autonomic dysfunction in cirrhosis. This contention is consistent with data showing that the vasoconstricting and pressor effects of α-adrenoreceptor agonists are reduced in cirrhosis [49] [50] [51] [52] . Whether the reduced end-organ responsiveness is due to receptor alterations, post-receptor defects or the counteracting effects of circulating vasodilatory substances remains to be established.
In conclusion, patients with compensated cirrhosis have altered sympathetic regulation of the cerebral circulation, which is characterized by an inadequate response of resistance vessels, whereas baroreceptor function is normal.
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